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(54) Steam cooled direct fired coal gas turbine

(57) A gas turbine (14) includes a combustor (10)
configured to burn a hydrocarbon fuel input and provide
a combustion product hot gas output (12) to a turbine
inlet (13) having a turbine inlet temperature exceeding
about 2200°F, the hot gas output (12) also includes ash
in an amount of 0.1% or more by weight of the hydrocar-
bon fuel input. The turbine also includes a stationary noz-
zle (36) configured to receive the hot gas output (12) that
includes a plurality of circumferentially spaced vanes (29)

and a vane cooling circuit (37) located within vane side-
walls (109, 111) configured for circulation of steam as a
coolant. The turbine also includes a rotatable rotor (16)
configured to receive the hot gas output (12) exiting the
nozzle (36) that includes a plurality of buckets (28) and
a bucket cooling circuit (39) located within the bucket
sidewalls (150, 152) and shank (132) that is configured
for circulation of steam (27) as a coolant for the bucket
(28).
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Description

BACKGROUND OF THE INVENTION

[0001] The subject matter disclosed herein relates
generally to industrial gas turbines, and more particularly
to industrial gas turbines employing steam cooling.
[0002] Modern coal power production is limited in its
efficiency by the use of external combustion power
plants. The maximum temperatures of the materials used
in the heat transfer surfaces set the limit to Carnot effi-
ciency. For an efficiency increase to be realized, all of
the energy available in the coal must reach the combustor
of the gas turbine. Thus, the generation of various coal
syngases is generally not desirable due to the energy
loss associated with formation of the gases themselves.
In order to increase the efficiency of coal power genera-
tion, directly firing coal for internal combustion in gas tur-
bines is desired. The direct combustion of coal in the
combustor produces significantly more particulates, such
as combustion ash, in the combustion gas output at the
combustor exit than the combustion of gaseous fuels,
such as natural gas or various coal-based or other syn-
gases. Natural gas or various coal-based or other syn-
gases generally have ash contents of less than 0.1% by
weight of the gaseous fuel input. Due to the higher ash
content of the combustion product gases at the combus-
tor exit in coal-fired gas turbines, these turbines exhibit
excessive plugging of film cooling holes in the turbine
airfoils, including the turbine nozzle vanes and turbine
rotor buckets, particularly the film cooling holes located
on or near the leading edges of the airfoils that face into
the combustion gas stream.
[0003] As such, the direct combustion of coal to fire
industrial gas turbines has been extremely limited. This
limitation has limited the direct combustion of coal to de-
velopmental or experimental use in turbines having a
maximum firing temperature of about 2,000°F or less,
and a combustor exit temperature of about 2,200°F or
less. Thus, the use of coal to fire industrial gas turbines
has not achieved commercial success because the limits
imposed on firing temperature do not enable the turbine
to achieve a desired level of efficiency, and are generally
limited to a combined cycle efficiency of less than 50%,
and generally to an efficiency of about 42%. In addition
to coal, the direct combustion of other potential fuels,
such as refinery residuals (i.e., tars, asphalts, coke, wax-
es and the like), biomass fuel sources and the like that
produce higher ash contents as described above, also
has not been pursued for the same reasons, as their par-
ticulate emissions would be expected to cause plugging
of film cooling holes, thus limiting their use to firing tem-
peratures that correspond to undesirable turbine efficien-
cy regimes.
[0004] Due to the difficulty of using hydrocarbon fuels
such as coal, refinery residuals and biomass fuels, gas
turbines are presently directly powered by fuels that have
gone through a series of processes to clean and refine

the fuel before being burned in the combustor and direct-
ed to the turbine section to produce power that result in
ash contents in the combustion gas of less than 0.1% by
weight of the fuel input. However, the cleaning and refin-
ing processes necessary to produce these fuels have
associated costs and efficiency penalties of their own
that are undesirable.
[0005] Accordingly, it is desirable to use coal and other
hydrocarbon fuels that produce a high ash content to
directly fire an industrial gas turbine and to achieve effi-
ciency greater than 50%.

BRIEF DESCRIPTION OF THE INVENTION

[0006] According to one aspect of the invention a
steam cooled, direct-fired coal gas turbine is provided.
The gas turbine includes a combustor configured to burn
a hydrocarbon fuel input and provide a combustion prod-
uct hot gas output to a turbine inlet having a temperature
exceeding about 2200° F. The hot gas output includes
ash in an amount of 0.1% or more by weight of the hy-
drocarbon fuel input. The gas turbine also includes a sta-
tionary nozzle comprising the turbine inlet and configured
to receive the hot gas output. The nozzle includes an
outer band, an inner band and a plurality of circumferen-
tially spaced vanes extending therebetween. The vanes
each include an airfoil portion having a leading edge and
a trailing edge, a pressure sidewall and a suction side-
wall, the pressure and suction sidewalls extending be-
tween the leading and trailing edges, and a vane cooling
circuit located within the sidewalls configured for circu-
lation of steam as a coolant for the vane from a nozzle
cooling circuit. The turbine also includes a rotatable rotor
proximate the nozzle configured to receive the hot gas
output exiting the nozzle. The rotor includes comprising
a central rotor disc and a plurality of outwardly extending,
circumferentially spaced buckets disposed thereon. The
buckets each have a shank portion removably attached
to the disc and an airfoil portion having a leading edge
and a trailing edge, a pressure sidewall and a suction
sidewall, the pressure and suction sidewalls extending
between the leading and trailing edges, and a bucket
cooling circuit located within the sidewalls and the shank
configured for circulation of steam as a coolant for the
bucket from a rotor cooling circuit. The rotor is configured
to rotate upon receipt of the hot gas output and produce
power as part of a turbine power cycle.
[0007] According to another aspect of the invention a
method of operating a gas turbine by the direct combus-
tion of coal or other high ash content hydrocarbon fuels
is provided. The method includes providing a hydrocar-
bon fuel input to a combustor. The method also includes
burning the hydrocarbon fuel input in the combustor to
provide a combustion product hot gas output to a turbine
inlet having a temperature exceeding about 2200° F, the
hot gas output including ash in an amount of 0.1% or
more by weight of the hydrocarbon fuel input. The method
also includes providing the hot gas output to a stationary
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nozzle comprising the turbine inlet, the nozzle comprising
an outer band, an inner band and a plurality of circum-
ferentially spaced vanes extending therebetween. The
vanes each include an airfoil portion having a leading
edge and a trailing edge, a pressure sidewall and a suc-
tion sidewall, the pressure and suction sidewall extending
between the leading the trailing edges, and a vane cool-
ing circuit located within the sidewalls. The method also
includes cooling the vanes by circulation of steam as a
coolant from a nozzle cooling circuit through the vane
cooling circuits. The method also includes providing the
hot gas output exiting the nozzle to a rotatable rotor prox-
imate the nozzle. The rotor includes a central rotor disk
and a plurality of outwardly extending, circumferentially
spaced buckets disposed thereon. The buckets each in-
clude a shank portion removably attached to the disk and
an airfoil portion having a leading edge and a trailing
edge, a pressure sidewall and a suction sidewall, the
pressure and suction sidewalls extending between the
leading and trailing edges, and a bucket cooling circuit
located within the sidewalls and the shank. The rotor is
configured to rotate upon receipt of the hot gas output
and produce power as part of a turbine power cycle. The
method also includes cooling the buckets by circulation
of steam as a coolant from a rotor cooling circuit through
the bucket cooling circuits.
[0008] According to yet another aspect of the inven-
tion, a gas turbine includes a combustor configured to
burn a hydrocarbon fuel input and provide a combustion
product hot gas output to a turbine inlet and a turbine
inlet temperature exceeding about 2200°F. The hot gas
output includes ash in an amount of 0.1% or more by
weight of the hydrocarbon fuel input. The turbine also
includes a stationary nozzle comprising the turbine inlet
and configured to receive the hot gas output, and is con-
figured for circulation of steam as a coolant from a nozzle
cooling circuit. The turbine also includes a rotatable rotor
proximate the nozzle configured to receive the hot gas
output exiting the nozzle. The rotor is also configured for
circulation of steam as a coolant from a rotor cooling cir-
cuit. The rotor is also configured to rotate upon receipt
of the hot gas output and produce power as part of a
turbine power cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The subject matter which is regarded as the in-
vention is particularly pointed out and distinctly claimed
in the claims at the conclusion of the specification. The
foregoing and other features, and advantages of the in-
vention are apparent from the following detailed descrip-
tion taken in conjunction with the accompanying draw-
ings in which:

FIG. 1 is a cross-sectional view of a turbine section
of a gas turbine as disclosed herein;

FIG. 2 is an enlarged cross-sectional view of a sta-

tionary nozzle as disclosed herein;

FIG. 3 is a perspective view of a stationary nozzle
as disclosed herein;

FIG. 4 is an enlarged cross-sectional view of a bucket
as disclosed herein;

FIG. 5 is a section taken along the line 2-2 of FIG. 3;

FIG. 6 is an enlarged detail of FIG. 5;

FIG. 7 is a partial section of a turbulator profile in
accordance with the invention; and

FIG. 8 is a partial side elevation of a lower portion of
the bucket shown in FIG. 1, illustrating the coolant
inlet and outlets.

[0010] The detailed description explains embodiments
of the invention, together with advantages and features,
by way of example with reference to the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Exemplary embodiments are directed towards
combined-cycle gas turbines fired by hydrocarbon fuel,
preferably coal, refinery residuals or various biomass fu-
els, and employing closed-circuit steam cooling paths for
the cooling of the hot gas components. Steam as a cool-
ing medium has been recognized as having advantages
over air because steam has a higher heat capacity. Ap-
plying steam as a cooling medium in a closed circuit is
advantageous because steam is more efficient in that
the temperature losses in the combustion gas stream in
the various turbine stages associated with the use of
steam as a coolant are not as great as the losses of re-
sulting from the use of compressor bleed air for cooling,
including film cooling of the vanes, buckets and other
turbine components. In industrial based gas turbines and
especially those employing combined cycle systems,
steam cooling is particularly advantageous because the
heat energy imparted to the steam as it cools the gas
turbine components is recovered as useful work in driving
the steam turbine in the combined cycle operation. Ad-
ditionally, when burning hydrocarbon fuels such as coal,
a combustion product hot gas output content comprising
ash in an amount of 0.1% or more by weight of the hy-
drocarbon fuel input may plug film cooling holes located
on the leading edges of the hot gas components. There-
fore, it is desirable to not have any film cooling holes on
the leading edges of the hot gas components. This may
be achieved using steam cooling.
[0012] Coal varies widely in its composition. It is com-
posed primarily of rings of six carbon atoms joined to-
gether in an extremely complex layered structure that
includes hydrogen, as well as significant amounts of ni-
trogen and oxygen. Coal is classified according to its
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heating value and according to its relative content of el-
emental carbon. For example, anthracite contains the
highest proportion of pure carbon (about 86%-98%) and
has the highest heat value-13,500-15,600 Btu/lb (British
thermal units per pound)-of all forms of coal. Bituminous
coal generally has lower concentrations of pure carbon
(from 46% to 86%) and lower heat values (8,300-15,600
Btu/lb). Bituminous coals are often sub-divided on the
basis of their heat value, being classified as low, medium,
and high volatile bituminous and sub-bituminous. Lignite,
the poorest of the true coals in terms of heat value
(5,500-8,300 Btu/lb) generally contains about 46%-60%
pure carbon. All forms of coal also contain other elements
present in living organisms, such as sulfur and nitrogen.
[0013] Ash, including bottom ash and fly ash, is one of
the residues generated in the combustion of coal. Fly ash
material solidifies while suspended in the exhaust gases.
Fly ash particles are generally spherical in shape and
range in size from 0.5 Pm to 100 Pm. They consist mostly
of silicon dioxide (SiO2), which is present in two forms:

amorphous, which is rounded and smooth, and crys-
talline, which is sharp, pointed and
hazardous; aluminum oxide (Al2O3) and iron oxide
(Fe2O3). Fly ashes are generally highly heterogene-
ous, consisting of a mixture of glassy particles with
various identifiable crystalline phases such as
quartz, mullite, and various iron oxides. Fly ash also
may contain other compounds, such as calcium ox-
ide (CaO) or lime. Two classes of fly ash are defined
by ASTM C618, Class F fly ash and Class C fly ash.
The chief difference between these classes is the
amount of calcium, silica, alumina, and iron content
in the ash. The chemical properties of the fly ash are
largely influenced by the chemical content of the coal
burned (i.e., anthracite, bituminous, and lignite). Ash
residues from the combustion of coal may range from
about 5 to about 25% or more by weight of the coal
burned as the input fuel material. The ash content
may vary significantly based on the type of coal
burned, as well as by whether the coal is treated prior
to combustion to reduce the ash content. Various
known treatments may be applied to "clean" the coal
prior to combustion and thereby reduce the ash con-
tent. In any case, regardless of the cleaning proc-
esses which may be employed, the ash content of
coal is much greater than ash content found in con-
ventional gas turbine fuels, such as natural gas and
various syngases, where the ash contents are less
than 0.1% by weight of the fuel input. Similarly, the
direct combustion of other hydrocarbon fuels such
as refinery residuals include coke, tar, various waxes
and asphalt, as well as various biomass fuels, would
also be expected to produce ash contents that are
significantly higher than those of conventional hy-
drocarbon fuels used for direct combustion in gas
turbines.

[0014] In an exemplary embodiment of the present in-
vention, a turbine combustor 10 has an inlet 11 disposed
in fluid communication with a compressor outlet (not
shown) for receiving the compressed outlet air therefrom.
Conventional fuel supplying means, including a suitable
fuel supply, conduits and fuel injectors, are provided for
mixing a suitable fuel, such as coal, refinery residuals,
or biomass fuel, with the compressed outlet air for un-
dergoing combustion in the combustor 10 and generating
a combustion product hot gas output 12 therein. In the
case of coal, for example, the coal may be provided in a
pulverized form or an aqueous slurry. In an exemplary
embodiment, the combustor 10 is a hydrocarbon fuel
combustor configured for burning one of the aforemen-
tioned hydrocarbon fuels, preferably coal, and includes
a plurality of circumferentially adjoining burner cans each
of which includes one or more pre-mixers at the combus-
tor inlet 11 (not shown) for premixing the fuel and air and
pre-treating the fuel prior to introduction into the combus-
tor 10 wherein it is burned at a high temperature with
relatively high efficiency so as to produce relatively low
hydrocarbon emissions. Notwithstanding the relatively
low hydrocarbon emissions, the combustion product hot
gas output will be expected to have ash contents of 0.1
% or more by weight of the fuel input, for the reasons
described herein. Performance efficiency of a gas turbine
14 is primarily determined by the combustor 10 firing tem-
perature, which is the temperature of the combustion
product hot gases at the trailing edge of the first-stage
turbine nozzles, just before they enter the first-stage tur-
bine buckets. The firing temperature is frequently used
as a reference with regard to discussions of turbine effi-
ciency because the temperature at this location as the
first location in the turbine at which power is produced
from the hot gas output. Since steam cooling results in
a relatively small temperature drop across the nozzle,
references have been made herein to the turbine inlet
temperature, which is the temperature at the combustor
outlet and first-stage nozzle inlet, and is the highest tem-
perature experienced by the respective nozzle stages
and their associated vanes.
[0015] In combined-cycle applications, increases in fir-
ing temperature result in increased thermal efficiency,
thereby setting the limit to Carnot efficiency. Increases
in thermal efficiency are important because thermal effi-
ciency directly affects the turbine operating fuel costs. In
an exemplary embodiment of the present invention, the
combustion product hot gas output 12 provides a turbine
inlet temperature in excess of 2200°F, while the hot gas
output also comprises ash in an amount of 0.1% or more
by weight of the hydrocarbon fuel input, and more par-
ticularly comprising an ash content greater than 5% by
weight of the hydrocarbon fuel input, and even more par-
ticularly in an amount ranging from 5-25% by weight of
the hydrocarbon fuel input. When using steam cooling
as described herein, the temperature at the turbine inlet
may exceed 2600°F with the ash amounts described
above to achieve a higher cycle efficiency for the gas
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turbine, and more preferably may exceed 2800°F with
the ash amounts described above to achieve even further
cycle efficiency of the gas turbine. It is believed that at
the highest turbine inlet temperatures, namely those ex-
ceeding 2600°F, a combined cycle efficiency of about
60% may be achieved.
[0016] Referring to FIG. 1, a rotatable rotor assembly
16 of a gas turbine 14 is downstream of the turbine com-
bustor 10 and includes a rotor R, with four successive
stages comprising first stage rotor disks 20, second stage
rotor disk 22, third stage rotor disk 24 and fourth stage
rotor disk 26 mounted to and forming part of the rotatable
rotor assembly 16 configured to rotate upon receipt of
the hot gas output and provide power as part of a turbine
power cycle. Each disk carries a plurality of buckets, in-
cluding first stage buckets 28, second stage buckets 30,
third stage buckets 32 and fourth stage buckets 34 cir-
cumferentially spaced and outwardly extending along the
respective central rotor discs 20, 22, 24 and 26. The buck-
ets extend outwardly into the combustion product hot gas
output 12 of the turbine 16. The buckets are arranged
alternately between stationary nozzles including first
stage nozzle 36, second stage nozzle 38, third stage noz-
zle 40 and fourth stage nozzle 42. Each of nozzles 36,
38, 40 and 42 has respective inner band and outer band,
as further described herein, and a plurality of circumfer-
entially spaced nozzle vanes extending therebetween,
including first stage vanes 29, second stage vanes 31,
third stage vanes 33 and fourth stage vanes 35. Alter-
nately, between the turbine disks 20, 22, 24 and 26 from
forward to aft are spacers 44, 46, 48 and 50 each located
radially inwardly of a respective nozzle 36, 38, 40 and
42. Consequently, it will be appreciated that a four-stage
turbine 14 is illustrated wherein the first stage comprises
nozzle 36 and rotor disk 20; the second stage, nozzle 38
and rotor disk 22; the third stage, nozzle 40 and rotor
disk 24 and finally, the fourth stage, nozzle 42 and rotor
disk 26. It will be appreciated that the disks 20, 22, 24
and 26 and spacers 44, 46, 48 and 50 are secured to
one another by a plurality of circumferentially spaced ax-
ially extending bolts 51, as in conventional gas turbine
construction. In one non-limiting exemplary embodiment
of the present invention the industrial gas turbine is a GE
H-series industrial gas turbine. The first stage nozzle 36
and rotor disk 20 will be described in further detail. In
conjunction with an exemplary embodiment of the inven-
tion, since this is the hottest stage of the turbine. How-
ever, as would be readily understood by one of ordinary
skill, the detailed description of this stage of the turbine
may be applied to the other turbine stages also.
[0017] In an exemplary embodiment of the present in-
vention, a gas turbine cooling medium comprising steam
27, is supplied from an intermediate pressure superheat-
er (not shown) and a high pressure steam turbine exhaust
(not shown) nozzle cooling circuit to a vane cooling circuit
37 and a rotor cooling circuit 39. Referring to FIG. 1, a
bore tube assembly 52 includes outer and inner tubes
54,56, respectively, defining an annular steam cooling

supply passage 58 and a spent steam return passage
60. The supply and return passages 58,60, respectively,
communicate steam to and from the outer rim of the rotor
through sets of radial conduits supply 62 and radial return
64 and axially extending conduits such as axial return
conduit 66, that are circumferentially spaced about the
rotor rim for supplying cooling steam to the rotor disk 20
and bucket 28 and nozzle 36 and vanes 29. Return or
spent cooling steam flows through axially extending re-
turn conduits 66 and radially extending return conduits
64, for flow coaxially from the rotor bore via return pas-
sage 60.
[0018] In an exemplary embodiment of the present in-
vention, referring to FIGS. 1, 2 and 3, a stationary nozzle
36 comprising the turbine inlet 13 and configured to re-
ceive the combustion product hot gas output 12 is pro-
vided. The nozzle 36 comprising a global change outer
band 68, an inner band 70 and a plurality of circumfer-
entially spaced vanes 29 extending therebetween,
wherein the vanes 29 each include vane cooling circuit
37. The outer and inner bands 68,70, respectively, are
fixed to the plurality of vanes 29. It will be appreciated
that the outer and inner bands 68,70, respectively, and
vanes 31 are provided in segments and the segments
are disposed in an annular array about the axis A (See
FIG. 1) of the turbine 14. The space between the outer
and inner bands 68,70, respectively, and containing the
vanes 29 defines the gas flow passageway for the hot
gas output 12 through the gas turbine 14.
[0019] The outer band 68 includes an outer band wall
74 in part defining the hot gas output 12 and a first cover
76 formed of forward and aft first covers 78,80, respec-
tively. The inner band 70 includes an inner wall 82 in part
defining the passageway for hot gas output 12 and a
second inner cover 84. The vanes 29 extend between
the outer and inner bands 68,70, respectively, and are
divided into serpentine cavities, wherein the cavities
comprise first, second, third, fourth and fifth cavities 86,
88, 90, 92 and 94, respectively. The cavities are arranged
in sequence from a leading edge 96 of the vane 29 to a
trailing edge 98 by internal ribs 100, 102, 104 and 106.
As illustrated in FIG. 3, an outer chamber 108 overlies
and closes the first and second cavities 86,88, respec-
tively, and a further vane cover (not shown) overlies cav-
ity 92. The vanes 29 include pressure and suction side-
walls 109,111, respectively, extending between the lead-
ing and trailing edges 96,98, respectively, and the vane
cooling circuit 37 comprising cavities 86, 88, 90, 92 and
94 located within the side walls 109 and 111 configured
for circulation of steam 27 as a coolant.
[0020] Referring to FIGS. 2 and 3, steam 27, acting as
a cooling medium flows into the outer chamber 108 of
the outer band 68 through a steam inlet port 107 in the
forward cover 78. The steam necessarily flows through
the first impingement openings of a first impingement
plate 110 for impingement cooling the outer wall 74 of
the outer band 68. The spent impingement cooling steam
flows through lateral openings 112, 114 and 116 of the
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first, second and fourth cavities 86, 88 and 92, respec-
tively. Because the cavities are closed at their upper ends
by cover plates, the steam flows radially inwardly and
within inserts 118 and 120. In the first and second cavities
86, 88, respectively, the steam flows outwardly through
the impingement cooling holes in the walls of the inserts
for impingement cooling of the registering sidewalls 109
and 111 of the vanes 29. The spent cooling steam from
the first and second cavities 86, 88, respectively, flows
radially inwardly to the inner band 70 exiting into an inner
chamber 122 through guides 125 and 127. The steam
from the lateral opening 116 flows through the fourth cav-
ity 92 in a radially inward direction to convectively cool
the vane 29 pressure 109 and suction 111 sidewalls and
into the chamber 122. The steam in the inner chamber
122 from cavities 86, 88 and 92 flows through impinge-
ment openings in the second impingement plate 123 into
the outer chamber 124 of the inner band 70. This spent
cooling steam lies in communication with the radial inner
end of the third cavity insert 126 for flow radially outwardly
along the insert 126. The returning steam flow also flows
through impingement openings in the insert 126 for im-
pingement cooling of the opposite side walls of the vane
72 adjacent the third cavity 90. The spent steam then
flows out of the segment through the steam exit port 129
in the aft cover 80. Simultaneously, the compressor dis-
charge air flows into the fifth cavity 94 and radially in-
wardly therealong for cooling the trailing edge 98. The
spent cooling air discharges through the inner band 70
into the disk space of the rotor. Any portions not cooled
by steam will generally incorporate a form of air cooling.
The nozzle steam cooling circuit and the steam cooling
circuits of the associated vanes will preferably be closed-
loop circuits. In order to increase the efficiency of the gas
turbine, these steam cooling circuits may also be incor-
porated into a steam turbine, wherein the steam turbine
and gas turbine comprise a combined cycle system. All
or portions of the second, third and fourth stage nozzles
may also similarly incorporate closed-loop steam cool-
ing. Any portions of the nozzles or vanes in any of the
turbine stages that are not cooled by steam will generally
incorporate a form of air cooling. In an alternate embod-
iment, the first stage vanes may incorporate both steam
cooling and air cooling.
[0021] In an alternate exemplary embodiment of the
present invention, the second, third and fourth stage noz-
zles 38, 40 and 42, respectively, may incorporate air-
cooling by compressor discharge air. The second, third
and fourth stage nozzles may also, in another exemplary
embodiment, incorporate an open loop air-cooled nozzle
or a combination of open and closed-loop nozzles. For
example, the trailing edge cavity may receive high pres-
sure air from the compressor discharge and contain an
air film cooling flow along the opposite sidewalls of the
vane adjacent the trailing edge.
[0022] Referring to FIGS. 4-8, a bucket 28 proximate
nozzle 36 in accordance with this invention comprises
an airfoil portion 128 attached to a platform portion 130

which seals the shank 132 of the bucket 28 from the hot
gas output 12 in the combustion flow path. The shank
132 is removably attached to a rotor disk 20 by a con-
ventional dovetail 134. Angel wing seals 136,138 provide
sealing of the wheel space cavities. With reference also
to FIG. 8, the dovetail 134 includes an extension 140
below the dovetail 134 which serves to supply and re-
move cooling steam from the bucket via axially arranged
passages 142 and 144 and which communicate with ax-
ially oriented rotor passages (not shown). The airfoil por-
tion 128 has leading and trailing edges 146,148, respec-
tively, and pressure and suction sidewalls 150,152, re-
spectively. While the leading edge 146 is not configured
for film cooling, the trailing edge 148 may optionally be
configured for film cooling.
[0023] With specific reference now to FIG 4, the rotor
cooling circuit 39 disposed within the airfoil portion 128
of the bucket 28 defines a closed serpentine circuit having
a total of six radially extending passages 154, 156, 158,
160, 162 and 164, with alternating radially inward and
radially outward passages extending from a primary ra-
dial supply passage 166 at root 141 of the bucket 28 to
the tip 143, turning 180° and then extending from the tip
143 and ultimately back to the root 141 to a primary return
passage 168. Note that FIG. 4 also shows a tip cap 169
that seals the radially outer end of the airfoil portion 128.
[0024] In the illustrated embodiment, there are three
radially outer tip turns and two radially inner root turns,
forming six passages, three (154, 158 and 162) in the
radially outward direction and three (156, 160 and 164)
in the radially inward direction. The various passages are
separated by five radially extending ribs or interior parti-
tions 170, 172, 174, 176 and 178 which form the tip and
root turns. These ribs extend the full width of the airfoil
portion 128, i.e., from the suction side 152 of the airfoil
128 to the pressure side 150. As shown, steam 27 flows
initially upwardly or radially outwardly through the trailing
edge passage 154 first, and radially downwardly or in-
wardly through the leading edge passage 164 last. The
steam is input at the trailing edge cooling passage 154,
via passages 142 and 143, first, since the trailing edge
148 of the bucket 28 is typically the most difficult region
to cool.
[0025] The trailing edge 148 may also be configured
for film cooling. Film cooling at the trailing edge 148 is
permissible because the trailing edge 148 is not directly
impinged with the hot gas output 12 and associated ash
particles, and thus, film cooling holes on the trailing edge
148 are not susceptible to being plugged by impingement
of bottom and fly ash particles that exist in the hot gas
output 12 in an amount greater than 0.1 % by weight of
the hydrocarbon fuel input.
[0026] Turbulators 180 are used in passages 156-162
to enhance heat transfer from the bucket walls to the
steam cooling medium. The turbulators extend only into
the cooling passage, not so far as to restrict coolant flow,
but far enough to enhance heat transfer from the bucket
walls to the cooling medium. Turbulator 180 placement,
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size, height to width ratio, pitch, orientation and corner
radii are all selected to provide efficient heat transfer from
the bucket walls to the steam cooling medium. The rotor
steam cooling circuit and the steam cooling circuits of
the associated buckets will preferably be closed-loop cir-
cuits. In order to increase the efficiency of the gas turbine,
these steam cooling circuits may also be incorporated
into a steam turbine, wherein the steam turbine and gas
turbine comprise a combined cycle system. All or portions
of the second, third and fourth stage buckets may also
similarly incorporate closed-loop steam cooling. Any por-
tions of the rotor or buckets in any of the turbine stages
that are not cooled by steam will generally incorporate a
form of air cooling. In an alternate embodiment, the first
stage buckets may incorporate both steam cooling and
air cooling.
[0027] In an alternate embodiment of the present in-
vention, the first, second and third stage buckets 22, 24
and 36, respectively, may be open loop air-cooled or a
combination of closed-loop and open loop where the air
is supplied by compressor discharge air. For example,
the trailing edge passage may receive high pressure air
from the compressor discharge and contain an air film
cooling flow along the opposite sidewalls of the bucket
adjacent the trailing edge.
[0028] While the invention has been described in detail
in connection with only a limited number of embodiments,
it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the in-
vention can be modified to incorporate any number of
variations, alterations, substitutions or equivalent ar-
rangements not heretofore described, but which are com-
mensurate with the spirit and scope of the invention. Ad-
ditionally, while various embodiments of the invention
have been described, it is to be understood that aspects
of the invention may include only some of the described
embodiments. Accordingly, the invention is not to be
seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.
[0029] For completeness, various aspects of the in-
vention are now set out in the following numbered claus-
es:

1. A gas turbine comprising:

a combustor configured to burn a hydrocarbon
fuel input and provide a combustion product hot
gas output to a turbine inlet and a turbine inlet
temperature exceeding about 2200°F, the hot
gas output comprising ash in an amount of 0.1
% or more by weight of the hydrocarbon fuel
input;

a stationary nozzle comprising the turbine inlet
and configured to receive the hot gas output, the
nozzle comprising an outer band, an inner band
and a plurality of circumferentially spaced vanes
extending therebetween, the vanes each having

an airfoil portion having a leading edge and a
trailing edge, a pressure sidewall and a suction
sidewall, the pressure and suction sidewalls ex-
tending between the leading and trailing edges,
and a vane cooling circuit located within the side-
walls configured for circulation of steam as a
coolant for the vane from a nozzle cooling circuit;
and

a rotatable rotor proximate the nozzle config-
ured to receive the hot gas output exiting the
nozzle, the rotor comprising a central rotor disk
and a plurality of outwardly extending, circum-
ferentially spaced buckets disposed thereon,
the buckets each having a shank portion remov-
ably attached to the disk and an airfoil portion
having a leading edge and a trailing edge, a
pressure sidewall and a suction sidewall, the
pressure and suction sidewalls extending be-
tween the leading and trailing edges, and a
bucket cooling circuit located within the side-
walls and the shank configured for circulation of
steam as a coolant for the bucket from a rotor
cooling circuit, wherein the rotor is configured to
rotate upon receipt of the hot gas output and
produce power as part of a turbine power cycle.

2. The gas turbine of clause 1, wherein the hydro-
carbon fuel comprises coal, a refinery residual or bi-
omass.

3. The gas turbine of clause 2, wherein the hydro-
carbon fuel is coal in the form of a coal slurry or a
dry pulverized coal.

4. The gas turbine of clause 1, wherein the combus-
tor is configured to burn a hydrocarbon fuel input and
provide a combustion product hot gas output to a
turbine inlet and a turbine inlet temperature exceed-
ing about 2600°F.

5. The gas turbine of clause 1, wherein the combus-
tor is configured to burn a hydrocarbon fuel input and
provide a combustion product hot gas output to a
turbine inlet and a turbine inlet temperature exceed-
ing about 2800°F.

6. The gas turbine of clause 1, wherein the hot gas
output comprises ash in an amount greater than
about 1% by weight of the hydrocarbon fuel input.

7. The gas turbine of clause 1, wherein a vane airfoil
has a film cooling hole on a trailing edge thereof.

8. The gas turbine of clause 1, wherein a bucket air-
foil has a film cooling hole on a trailing edge thereof.

9. A method of operating a gas turbine comprising:
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providing a hydrocarbon fuel input to a combus-
tor;

burning the hydrocarbon fuel input in the com-
bustor to provide a combustion product hot gas
output to a turbine inlet and a turbine inlet tem-
perature exceeding about 2200°F, the hot gas
output comprising ash in an amount of 0.1% or
more by weight of the hydrocarbon fuel input;

providing the hot gas output to a stationary noz-
zle comprising the turbine inlet, the nozzle com-
prising an outer band, an inner band and a plu-
rality of circumferentially spaced vanes extend-
ing therebetween, the vanes each having an air-
foil portion having a leading edge and a trailing
edge, a pressure sidewall and a suction side-
wall, the pressure and suction sidewalls extend-
ing between the leading and trailing edges, and
a vane cooling circuit located within the side-
walls;

cooling the vanes by circulation of steam as a
coolant from a nozzle cooling circuit through the
vane cooling circuits;

providing the hot gas output exiting the nozzle
to a rotatable rotor proximate the nozzle, the ro-
tor comprising a central rotor disk and a plurality
of outwardly extending, circumferentially
spaced buckets disposed thereon, the buckets
each having a shank portion removably at-
tached to the disk and an airfoil portion having
a leading edge and a trailing edge, a pressure
sidewall and a suction sidewall, the pressure
and suction sidewalls extending between the
leading and trailing edges, and a bucket cooling
circuit located within the sidewalls and the
shank, wherein the rotor is configured to rotate
upon receipt of the hot gas output and produce
power as part of a turbine power cycle; and

cooling the buckets by circulation of steam as a
coolant from a rotor cooling circuit through the
bucket cooling circuits.

10. The method of clause 9, wherein providing the
hydrocarbon fuel comprises providing coal, a refin-
ery residual or biomass.

11. The method of clause 10, wherein the hydrocar-
bon fuel is coal provided as a coal slurry or a dry
pulverized coal.

12. The method of clause 10, wherein the turbine
power cycle has an efficiency of 60%.

13. The method of clause 9, wherein burning the

hydrocarbon fuel input in the combustor provides the
hot gas output and a turbine inlet temperature ex-
ceeding about 2600°F.

14. The method of clause 9, wherein burning the
hydrocarbon fuel input in the combustor provides the
hot gas output and a turbine inlet temperature ex-
ceeding about 2800°F.

15. The method of clause 9, wherein burning the
hydrocarbon fuel input in the combustor provides the
hot gas output comprising ash in an amount greater
than about 1% by weight of the hydrocarbon fuel
input.

16. The method of clause 9, wherein the vane airfoil
has a film cooling hole on a trailing edge thereof.

17. The method of clause 9, wherein the bucket airfoil
has a film cooling hole on a trailing edge thereof.

18. A gas turbine comprising:

a combustor configured to burn a hydrocarbon
fuel input and provide a combustion product hot
gas output to a turbine inlet and a turbine inlet
temperature exceeding about 2200°F, the hot
gas output comprising ash in an amount of 0.1
% or more by weight of the hydrocarbon fuel
input;

a stationary nozzle comprising the turbine inlet
and configured to receive the hot gas output, the
nozzle configured for circulation of steam as a
coolant from a nozzle cooling circuit; and

a rotatable rotor proximate the nozzle config-
ured to receive the hot gas output exiting the
nozzle, the rotor configured for circulation of
steam as a coolant from a rotor cooling circuit,
wherein the rotor is configured to rotate upon
receipt of the hot gas output and produce power
as part of a turbine power cycle.

19. The gas turbine of clause 18, wherein the com-
bustor is configured to burn a hydrocarbon fuel input
and provide a combustion product hot gas output to
a turbine inlet and a turbine inlet temperature ex-
ceeding about 2600°F, and the hot gas output com-
prises ash in an amount greater than about 1% by
weight of the hydrocarbon fuel input.

20. The gas turbine of clause 18, wherein the com-
bustor is configured to burn a hydrocarbon fuel input
and provide a combustion product hot gas output to
a turbine inlet and a turbine inlet temperature ex-
ceeding about 2800°F, and the hot gas output com-
prises ash in an amount greater than about 1% by
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weight of the hydrocarbon fuel input.

Claims

1. A gas turbine (14) comprising:

a combustor (10) configured to burn a hydrocar-
bon fuel input and provide a combustion product
hot gas output (12) to a turbine inlet (13) and a
turbine inlet temperature exceeding about
2200°F, the hot gas output (12) comprising ash
in an amount of 0.1 % or more by weight of the
hydrocarbon fuel input;
a stationary nozzle (36) comprising the turbine
inlet (13) and configured to receive the hot gas
output (12), the nozzle (36) comprising an outer
band (68), an inner band (70) and a plurality of
circumferentially spaced vanes (29) extending
therebetween, the vanes (29) each having an
airfoil portion having a leading edge (96) and a
trailing edge (98), a pressure sidewall (109) and
a suction sidewall (111), the pressure and suc-
tion sidewalls (109, 111) extending between the
leading and trailing edges (96, 98), and a vane
cooling circuit (37) located within the sidewalls
configured for circulation of steam (27) as a cool-
ant for the vane from a nozzle cooling circuit
(52); and
a rotatable rotor (R) proximate the nozzle (36)
configured to receive the hot gas output (12) ex-
iting the nozzle (36), the rotor (16) comprising a
central rotor disk (20) and a plurality of outwardly
extending, circumferentially spaced buckets
(28) disposed thereon, the buckets each having
a shank (132) portion removably attached to the
disk and an airfoil portion (128) having a leading
edge (146) and a trailing edge (148), a pressure
sidewall (150) and a suction sidewall (152), the
pressure and suction sidewalls (150, 152) ex-
tending between the leading and trailing edges
(146, 148), and a bucket cooling circuit (39) lo-
cated within the sidewalls and the shank (132)
configured for circulation of steam (27) as a cool-
ant for the bucket (28) from a rotor cooling circuit
(52), wherein the rotor (R) is configured to rotate
upon receipt of the hot gas output (12) and pro-
duce power as part of a turbine power cycle.

2. The gas turbine (14) of claim 1, wherein the hydro-
carbon fuel comprises coal, a refinery residual or bi-
omass.

3. The gas turbine (14) of claim 2, wherein the hydro-
carbon fuel is coal in the form of a coal slurry or a
dry pulverized coal.

4. The gas turbine (14) of any of the preceding claims,

wherein the combustor (10) is configured to burn a
hydrocarbon fuel input and provide a combustion
product hot gas output (12) to a turbine inlet (13) and
a turbine inlet temperature exceeding about 2600°F.

5. The gas turbine (14) of claim 4, wherein the turbine
inlet temperature exceeds about 2800°F.

6. The gas turbine of any of the preceding claims,
wherein the hot gas output comprises ash in an
amount greater than about 1% by weight of the hy-
drocarbon fuel input.

7. The gas turbine of any of the preceding claims,
wherein a vane airfoil has a film cooling hole on a
trailing edge thereof.

8. The gas turbine of any of the preceding claims,
wherein a bucket airfoil has a film cooling hole on a
trailing edge thereof.

9. A method of operating a gas turbine comprising:

providing a hydrocarbon fuel input to a combus-
tor (10);
burning the hydrocarbon fuel input in the com-
bustor (10) to provide a combustion product hot
gas output (12) to a turbine inlet (13) and a tur-
bine inlet (13) temperature exceeding about
2200°F, the hot gas output (12) comprising ash
in an amount of 0.1% or more by weight of the
hydrocarbon fuel input;
providing the hot gas output (12) to a stationary
nozzle (36) comprising the turbine inlet (13), the
nozzle (36) comprising an outer band (68), an
inner band (70) and a plurality of circumferen-
tially spaced vanes (29) extending therebe-
tween, the vanes (29) each having an airfoil por-
tion having a leading edge (96) and a trailing
edge (98), a pressure sidewall (109) and a suc-
tion sidewall (111), the pressure and suction
sidewalls (109, 111) extending between the
leading and trailing edges (96, 98), and a vane
cooling circuit (37) located within the sidewalls;
cooling the vanes (29) by circulation of steam
as a coolant from a nozzle cooling circuit (52)
through the vane cooling circuits (37);
providing the hot gas output (12) exiting the noz-
zle (36) to a rotatable rotor (16) proximate the
nozzle (36), the rotor (16) comprising a central
rotor disk (20) and a plurality of outwardly ex-
tending, circumferentially spaced buckets (28)
disposed thereon, the buckets each having a
shank (132) portion removably attached to the
disk and an airfoil portion (128) having a leading
edge (146) and a trailing edge (148), a pressure
sidewall (150) and a suction sidewall (152), the
pressure and suction sidewalls (150, 152) ex-
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tending between the leading and trailing edges
(146, 148), and a bucket cooling circuit (39) lo-
cated within the sidewalls (150, 152) and the
shank (132), wherein the rotor (R) is configured
to rotate upon receipt of the hot gas output (12)
and produce power as part of a turbine power
cycle; and
cooling the buckets (28) by circulation of steam
as a coolant from a rotor cooling circuit (52)
through the bucket cooling circuits (39).

10. The method of claim 9, wherein providing the hydro-
carbon fuel comprises providing coal, a refinery re-
sidual or biomass.

11. The method of claim 10, wherein the hydrocarbon
fuel is coal provided as a coal slurry or a dry pulver-
ized coal.

12. The method of claim 10 or 11, wherein the turbine
power cycle has an efficiency of 60%.

13. The method of any of claims 9 to 12, wherein burning
the hydrocarbon fuel input in the combustor provides
the hot gas output and a turbine inlet temperature
exceeding about 2600°F.

14. A gas turbine (14) comprising:

a combustor (10) configured to burn a hydrocar-
bon fuel input and provide a combustion product
hot gas output (12) to a turbine inlet (13) and a
turbine inlet temperature exceeding about
2200°F, the hot gas output (12) comprising ash
in an amount of 0.1 % or more by weight of the
hydrocarbon fuel input;
a stationary nozzle (36) comprising the turbine
inlet (13) and configured to receive the hot gas
output (12), the nozzle (36) configured for circu-
lation of steam (27) as a coolant from a nozzle
cooling circuit (52); and
a rotatable rotor (R) proximate the nozzle (36)
configured to receive the hot gas output (12) ex-
iting the nozzle (36), the rotor (R) configured for
circulation of steam (27) as a coolant from a rotor
cooling circuit (52), wherein the rotor (16) is con-
figured to rotate upon receipt of the hot gas out-
put (12) and produce power as part of a turbine
power cycle.

15. The gas turbine of claim 14, wherein the combustor
(10) is configured to burn a hydrocarbon fuel input
and provide a combustion product hot gas output
(12) to a turbine inlet (13) and a turbine inlet temper-
ature exceeding about 2600°F, and the hot gas out-
put (12) comprises ash in an amount greater than
about 1% by weight of the hydrocarbon fuel input.
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